In Xenopus, the primary neurons form in three domains either side of the midline in the posterior neurectoderm. At the late neurula stage there are approximately 120 primary sensory neurons on each side of the embryo. Co-injecting synthetic mRNA encoding retinoic acid receptor a (NR1B1) and retinoid X receptor b (NR2B2) results in an increase in the number of primary neurons and this is further enhanced by the addition of retinoic acid indicating that elevated retinoid signalling promotes an increase in the number of cells undergoing primary neurogenesis. However, primary neurogenesis remains con®ned to the three domains that normally give rise to primary neurons indicating that not all regions of the neurectoderm respond equivalently to elevated retinoid signalling. The inhibition of retinoid signalling with a dominant negative retinoid receptor or treatment with citral, an inhibitor of retinoid metabolism, inhibits the formation of primary neurons. However, the lateral extent of the neurectoderm does not differ following these experimental manipulations suggesting that changes in primary neuron cell number, in response to changes in retinoid signalling, cannot be accounted for by signi®cant gains or losses of neurectoderm. In addition, two lines of evidence are presented to suggest that retinoid signalling affects primary neurogenesis by acting directly on the neurectoderm. First, animal caps neuralized by noggin undergo primary neurogenesis in response to retinoid signalling and second, primary neurogenesis is elevated in neural conjugates in which the ectodermal, but not the mesodermal, component has been coinjected with RAR/RXR mRNA. q
Introduction
The primary neurons are a subset of neurons that develop rapidly within the neurectoderm and regulate the earliest movements of amphibian and ®sh embryos. They have been recognized for at least 70 years by their large size, distinctive morphology, and early differentiation (Coghill, 1929; Lamborghini, 1980; Roberts and Clark, 1982; Hartenstein, 1989 Hartenstein, , 1993 . More recently, in situ hybridization with a neuron-speci®c type-II b-tubulin (NST) probe has revealed the arrangement of primary neurons in three domains either side of the midline in the neurectoderm of the neurula stage embryo (Chitnis et al., 1995) . This is a functional segregation as the domain closest to the midline will generate motor neurons in the ventral neural tube whilst the outer domain will generate sensory neurons (Rohan Beard cells) in the dorsal neural tube. In between lie the primary interneurons. The small number, simple arrangement and rapid formation suggest primary neurogenesis will prove to be a useful model system for the analysis of vertebrate neural development.
We have previously shown that the signalling molecule, retinoic acid (RA) is required for the formation of differentiated primary neurons (Sharpe and Goldstone, 1997) . In this paper we examine the effects of retinoid signalling on the process of primary neurogenesis. Retinoid signalling is mediated by heterodimeric nuclear receptors encoded by one each of three RAR (NR1B1-3) and three RXR (NR2B1-3) genes (reviewed in Mangelsdorf and Evans, 1995; uni®ed nomenclature in brackets, Nuclear Receptors Nomenclature Committee, 1999) . As each gene encodes a number of receptor isoforms, a wide range of different heterodimeric combinations can be generated (for example, see Leroy et al., 1991) . In many cases the expression patterns of the receptor isoforms are regulated during early development (Mangelsdorf and Evans, 1995) . For example, in Xenopus, transcripts encoding xRARa1 are found in the egg but are lost prior to gastrulation (Blumberg et al., 1992) whilst transcripts encoding the xRARa2 isoform are expressed from gastrulation (Sharpe, 1992) .
Retinoid signalling has been repressed experimentally by removing retinoids from the diet, by eliminating receptors by homologous recombination or by introducing mutated dominant negative' receptors (Tsai et al., 1992; Damm et al., 1993; Morriss-Kay, 1993; Conlon, 1995; Imakado et al., 1995; Kastner et al., 1995; Maden et al., 1996) . Repression of retinoid signalling has wide-ranging consequences that include limb, hindbrain, craniofacial, cardiovascular, axial skeletal and urogenital defects (Damm et al., 1993; MorrissKay, 1993; Kastner et al., 1995; Maden et al., 1996) . In the neural tube the patterning of the hindbrain appears to be particularly sensitive to retinoid signalling. In the absence of RA, the quail develops a hindbrain that lacks caudal rhombomeres four to seven (Maden et al., 1996) , whilst in Xenopus the introduction of dominant negative retinoid receptors results in the disruption and partial anterior transformation of the hindbrain (Blumberg et al., 1997; van der Wees et al., 1998) .
The addition of RA to embryos disrupts patterning along the anterior±posterior (A-P) axis of the embryo (Durston et al., 1989; Papalopulu et al., 1991; Ruiz i Altaba and Jessell, 1991) and endogenous RA may be one of the factors that contributes to the posteriorization of the neurectoderm following neural induction (Durston et al., 1989; Sharpe, 1991; Conlon, 1995; Papalopulu and Kintner, 1996) . The likelyhood that RA acts as a signalling molecule during development is strengthened by the detection of RA in embryos either by direct biochemical means or by reporter assays (Wagner et al., 1992; Pijnappel et al., 1993; Chen et al., 1994; Maden et al., 1998) Retinoid signalling has also been implicated in neurogenesis and neuronal cell fate decisions. RA can promote neurite outgrowth in vitro and stimulate the expression of neural differentiation markers in neuroblastoma and embryonal carcinoma cell lines (reviewed in Maden and Holder, 1992) . In addition, primary cultures of vertebrate neural stem cells respond to RA by entering a pathway of neuronal differentiation (Schef¯er et al., 1999; Takahashi et al., 1999) . In vivo, retinoid signalling has been shown to contribute to the differentiation of neuronal cell types within the striatum (Toresson et al., 1999) . Retinoid signalling is also required for increased cell proliferation in the lateral motor neuron column adjacent to the limbs and subsequently acts as a short range signal to specify the identity of a subset of motor neurons derived from this population (Sockanathan and Jessell, 1998) . A retinoid signal has also been proposed to determine the fate of interneurons in the caudal neural tube (Pierani et al., 1999) .
In RAR/RXR mRNA injected tailbud embryos, the formation of primary neurons adjacent to the neural tube does not depend on the increased proliferation of precursors, as they still form when injected embryos are grown in HUA, an agent that blocks cell division but does not affect normal differentiation (Harris and Hartenstein, 1991; Sharpe and Goldstone, 1997) . To consider further how retinoid signalling affects primary neurogenesis, we determined the number of Isl11 primary sensory neurons, and identi®ed the sites of primary neurogenesis in embryos with altered retinoid signalling. Elevated retinoid signalling resulted in as much as a two-to three-fold increase, whilst depressed retinoid signalling caused a decrease, in the number of primary neurons. When retinoid signalling is elevated, primary neurogenesis is found in a domain pattern typical of normal embryos but with broadened domains. These results suggest that retinoid signalling acts within speci®c regions of the neurectoderm to promote the formation of primary neurons.
Results

The formation of primary neurons
In the late neurula (stage 20) Xenopus embryo, the anti Isl-1 monoclonal antibody 39.4D5 (Ericson et al., 1992) identi®es nuclei in a column of cells either side of the midline towards the lateral edge of the neural plate (Fig.  1A) . Analysing Isl1 expression in combination with the hindbrain marker krox-20 (Bradley et al., 1993) indicates that the Isl11 cells are located a short distance caudal to rhombomere 5 (Fig. 1A) . Isl-1 expression is also detected in the trigeminal placode, weakly in motor neurons and in anterior cells that may contribute to the cement gland (data not shown). As expected, Isl11 nuclei are found in cells expressing neuron-speci®c type-II beta-tubulin (NST), a marker of primary neurons, (data not shown), in the position of the primary sensory neurons (Rohan Beard cells). These observations are in agreement with the ®nding that Isl1 expression identi®es primary neurons in zebra®sh (Korzh et al., 1993) .
Isl-11 primary sensory neurons are ®rst detected at stage 16 and by stage 22 there are approximately 120 on each side of the embryo (Fig. 1B) . Treatment with 10 29 M or 10 28 M all-trans RA at the late-blastula stage does not alter the numbers of Isl-11 primary sensory neurons that form. The addition of 10 27 M RA, however, results in a small increase (Fig. 1C) . Counting the numbers of Isl-11 primary sensory neurons on either side of the midline during the neurula stages shows no left-right asymmetry in the formation of these cells (Fig. 1D) . Consequently directing synthetic mRNA to one side of the embryo, by unilateral injection at the two-cell stage should give a valid comparison of primary neuron formation between the experimental and control sides.
Retinoid signalling and the formation of primary neurons.
The co-injection of synthetic mRNA encoding xRARa2 and xRXRb (subsequently termed RAR/RXR mRNA) at the two-cell stage generates ectopic primary neurons in the tail-bud embryo (Sharpe and Goldstone, 1997) . To consider how these neurons arise we counted Isl11 primary sensory neurons and examined the domains of NST expression. Injecting RAR/RXR mRNA results in an increase in Isl11 primary sensory neurons on the injected side of the embryo (Fig. 2B ). Sixty percent of embryos injected with 250±500 pg of synthetic mRNA showed more than a 30% increase in the number of Isl11 primary sensory neurons on the injected side of the embryo (Fig. 2D ). When less (62± 125 pg) RNA was injected, 18% of embryos showed an increase in the number of primary neurons.
Whilst the addition of all trans RA to uninjected embryos had little effect on the formation of primary neurons (Fig.  1C) , addition to injected embryos (Fig. 2C ) caused a further increase in the number of Isl-11 primary sensory neurons. In 10 27 M RA, a greater than 30% increase in Isl-11 primary sensory neurons on the injected side was seen in 73% of embryos injected with the high dose, and 72% of embryos injected with the low dose (Fig. 2D) .
The patterns of Isl-1 and NST expression show that primary neurogenesis in RAR/RXR mRNA injected embryos, in the presence or absence of RA, is found within the domain pattern typical of normal embryos. When retinoid signalling is elevated by the addition of receptor transcripts and ligand, the domains are often broader than in control embryos (Fig. 2A±C,E±G) . Neither Isl-1 nor NST expression extended signi®cantly into the lateral or ventral non-neural ectoderm. In addition there were regions within The effect of applied RA on the numbers of Isl11 primary sensory neurons. The mean number of Isl11 primary sensory neurons for one side of an embryo was calculated for at least ten embryos at stage 17 over a range of applied RA concentrations, bars represent the standard error of the calculation. In untreated embryos there was a mean of 82 (SE 3.5) and in embryos grown from the late blastula stage in 10 27 M RA there was a mean of 95 (SE 3.0) Isl11 primary sensory neurons. (D). There is no asymmetry in the formation of Isl11 primary sensory neurons. The ratio of the number of Isl11 primary sensory neurons on the left compared to the right side of the embryo was determined from mid to late neurula stages for more than 8 embryos at each stage. There was no signi®cant difference in the number of neurons on one side compared to the other. the neurectoderm, between the expanded domains of motor and sensory neurons, that for the most part lacked NST expression (Fig. 2F,G) .
These results indicate that elevated retinoid signalling increases the number of Isl-11 primary sensory neurons and does so by broadening the domains within the neurectoderm in which they are normally found.
A dominant negative form of xRARa2 inhibits the formation of primary neurons
Retinoic acid receptors lacking the carboxy terminal domain required for ligand-dependent transcriptional transactivation have a dominant negative activity (Tsai et al., 1992; Damm et al., 1993; Imakado et al., 1995) and injection of synthetic mRNA encoding a dominant negative form of xRARa2 (RARdn mRNA) into the two-cell embryo results in the loss of differentiated primary neurons in tailbud embryos (Sharpe and Goldstone, 1997) . Looking earlier, at the neurula stage, we ®nd that the dominant negative suppresses the formation of Isl11 primary sensory neurons (Fig. 3B ). Nine out of ten embryos injected with 1ng of RARdn mRNA showed more than a 30% decrease in the numbers of Isl-11 primary sensory neurons on the injected side (Fig. 3C) .
Injection of xRARa2dn mRNA also leads to a decrease in NST expression (Fig. 3D ) This agrees with the observation that dominant negative xRARa1, an isoform of RARa expressed in the pregastrula embryo (Blumberg et al., 1992) , can suppress NST expression (Blumberg et al., 1997) . These results suggest that the loss of primary neurons in the tailbud embryo following the injection of RARdn mRNA (Sharpe and Goldstone, 1997) is not solely due to a requirement for retinoid signalling for terminal differentiation but indicates that retinoid signalling acts at an earlier stage of primary neurogenesis. In a small number of cases (marked with a ² symbol) there is a signi®cant decrease in the number of Isl11 primary sensory neurons on the injected side of embryos receiving 250± 500 pg of RNA. In these cases it appeared as if gastrulation was compromized on the injected side of the embryo. (E±G) Neural speci®c tubulin expression assayed by wholemount in situ hybridization in (E), control, (F), RAR/RXR mRNA injected and (G), RAR/RXR mRNA injected 1 RA treated embryos. The three domains of primary neurons either side of the midline are marked in (E), s, sensory, i, inter and m, motor neurons. The expression of NST in the trigeminal ganglion is also marked (tg). (F) the injected side is marked with a red dot and the horizontal bar marks the midline. There is increased NST expression in the sensory neuron and motor neuron domains (black arrows) compared to the uninjected side. However, these domains remain separated by a region of neurectderm that does not express NST (open arrow). (G). Increased NST expression is seen on the injected side of the embryo grown in 10 27 M RA but still does not extend signi®cantly into the non-neural ectoderm or into the region of the neurectoderm between sensory and motor neuron domains (open arrow).
Citral, an inhibitor of retinoic acid synthesis suppresses primary neuron formation
Embryos were next cultured in citral (3,7-dimethyl-2,6-octadienal) which inhibits retinoid metabolism (Schuh et al., 1993; Marsh-Armstrong et al., 1994) . Embryos raised from the late-blastula stage in 50 mM citral develop ventral defects at the neurula stage, but form tailbud embryos with a distinct A-P axis and many features of the normal embryo (data not shown; Schuh et al., 1993) . When tailbud embryos were tested for their response to physical stimulation, the majority of control embryos responded by single or multiple tail¯ips, the simple movements regulated by the primary neurons, and a similar pro®le was seen for RA treated embryos (Fig. 4A ). However, in over 80% of tests, citral treated embryos showed no response. To con®rm that citral suppresses primary neurogenesis, the expression of NST was examined at the neurula stage in citral-treated embryos. After treatment with 40 mM citral there was a distinct decrease in NST expression (Fig. 4B ) and in 60 mM citral 73% of embryos (70/96) (Table 1) showed a marked reduction in NST expression and each of the three domains of primary neurogenesis was similarly affected. In contrast, embryos grown in the related compound nerol (3,7-dimethyl-2,6-octadienol) that does not repress retinoid metabolism, showed normal patterns of NST expression (data not shown).
When embryos grown in 60 mM citral were supplemented with 10 27 M RA, NST expression was defective in less than 15% of embryos (3/21) (Fig. 4E, Table 1 ). As in normal embryos, RA does not generate NST expression throughout the neurectoderm of citral-treated embryos but enhances NST expression in the domains that give rise to primary neurons in the normal embryo.
In summary, we have shown that elevated retinoid signalling results in the formation of additional primary neurons, whilst repressed retinoid signalling either through the action of a dominant negative RAR or by the inhibition of ligand formation with citral results in the loss of primary neurons.
Retinoid signalling does not determine the extent of the neurectoderm
Embryos injected with RARdn (Sharpe and Goldstone, 1997) or treated with citral (data not shown) form a neural tube in the tailbud embryo that has only minor morphological differences compared to the neural tube of normal embryos. This suggests that retinoid signalling determines how many primary neurons will form by a mechanism that is independent of gross changes in the dimensions of the neurectoderm. To exclude the possibility that the lateral extent of the neurectoderm is affected at an earlier stage followed by compensatory growth, the expression of the general neural marker sox-2 (Mizuseki et al., 1998) was examined. At the mid-neurula stage, the expression of sox-2 is bilaterally symmetrical in embryos unilaterally injected with RAR/RXR mRNA (Fig. 5A ). Embryos injected with RAR/RXR mRNA and treated with RA at the late blastula stage also maintain bilateral symmetry even though RA treatment results in a neurectoderm shortened along the A-P axis (Fig. 5B) . Similarly, the lateral extent of sox-2 expression is unaffected in embryos injected with RARdn mRNA (Fig. 5C ) and in embryos treated with citral ( Fig. 5D,E) These observations show that the regulation of primary neuron cell number by retinoid signalling is not due to gross changes in the dimensions of the neurectoderm.
Retinoid signalling affects primary neurogenesis by acting on the neurectoderm
Although xRARa2 is expressed predominantly in the neurectoderm of the Xenopus embryo, transcripts can be In this example the width of the domain is wider in the RARdn injected embryos than normal. Scale bar applies to (A) and (B) and is equal to 60 mm. (C) Analysis of the effect of unilaterally injecting the xRARa2dn mRNA on the ratio of Isl11 primary sensory neurons on the injected compared to the uninjected sides of the embryo. The yellow background indicates the peak and distribution range of Isl-11 primary sensory neurons in normal embryos (shown in Fig. 2D ). Blue dots indicate embryos injected with 1.0 ng and red dots embryos injected with 0.5ng RARdn mRNA. In contrast to Fig. 2D there is now a shift towards reduced numbers of Isl11 primary sensory neurons on the injected side of the embryo. (D) NST expression assayed by wholemount in-situ hybridization in an embryo unilaterally injected with RARdn mRNA. The injected side is marked with a red dot and the midline by a bar. The expression of NST in the motor, and inter neuron domains is undetectable, and is also missing from the trigeminal ganglion domain (open arrows). Expression in the sensory neuron domain is detectable (grey arrow) but much weaker than on the control side of the embryo.
detected in a range of other tissues including those of mesodermal origin (Sharpe, 1992) . As the mesoderm plays a critical role in neural induction, it is possible that the observed effects are due to retinoid-induced changes in the mesoderm rather than a direct effect on the neurectoderm. We have therefore examined whether retinoid signalling is foremost required in the neurectoderm or the mesoderm in order to regulate primary neurogenesis.
In the ®rst analysis, embryos were co-injected with noggin (Lamb et al., 1993) , to neuralize the ectoderm, and RAR/RXR mRNA. Animal caps were removed from these embryos at the late blastula stage, grown with or without RA and assayed at the equivalent of the late neurula stage for NST expression as a marker of primary neurons. Neuralization of ectoderm by noggin alone does not induce the formation of primary neurons (Lamb et al., 1993; Sharpe and Goldstone, 1997) (Fig. 6C) , Only the injection of noggin and citral-treated (E) neurula stage embryos. Although the citral treated embryos show morphological changes compared to the normal controls, the expression of sox-2 was unaffected. This suggests that although treatment with citral inhibits the primary neurogenesis it is not doing so by eliminating the formation of the neurectoderm. 18 (86) 3 (14) a Data collected from ®ve experiments in which three exposed embryos to 60 mM citral and two to 50 mM citral from the late blastula to the late gastrula stage and assayed NST expression at the mid neurula stage. Reduced NST expression was scored as a loss in expression in at least four domains (see for example Fig. 6B ; top left scored as normal the remainder as reduced).
b Data collected from four experiments, two with 40 mM and two with 20 mM citral. Scored as above.
c Embryos were transferred at the late blastula stage to media containing 60 mM citral supplemented with 10 27 M RA. Embryos were put into control media at the end of gastrulation and assayed at the mid neurula stage. In this case`normal' is assayed as strong expression in at least three domains (see for example Fig. 6C ; both scored as normal).
and RAR/RXR mRNA with the subsequent addition of RA was suf®cient to induce widespread, punctate NST expression in animal caps (Fig. 6E ). This result indicates that retinoid signalling can act on neuralized animal cap ectoderm to induce NST expression.
In the second approach, conjugates that generate neural tissue were made from late blastula animal caps and early gastrula dorsolateral mesoderm (Sharpe and Gurdon, 1990) , and grown in 10 27 M RA (Fig. 7) . To examine the contribution of each tissue to the formation of primary neurons RAR/RXR mRNA injected embryos were used as a source of mesoderm in some conjugates and as a source of animal caps in others. Conjugates in which the mesoderm was taken from RAR/RXR mRNA injected embryos developed less NST expression than conjugates made from uninjected components (Fig. 7A,B) . However, conjugates made from RAR/RXR mRNA injected animal caps developed more NST expression than those with uninjected components (Fig. 7A,C ) and analysis of sections shows that the primary neurons are found in the RAR/RXR mRNA injected ectodermal component (Fig. 7D,E ). This suggests that elevated retinoid signalling within the neurectodermal component of the conjugates is suf®cient to generate increased numbers of primary neurons. Taken together with the predominant localization of xRARa2 to the neurectoderm, the animal cap and conjugate experiments indicate that retinoid signalling can in¯uence primary neurogenesis through a direct effect on the neurectoderm.
The regulation of primary neurogenesis requires RAR/ RXR heterodimers and all-transRA
We have shown above that embryos with elevated retinoid signalling develop additional primary neurons. Retinoid signalling may itself determine the number of primary neurons that form, with primary neurogenesis responding quantitatively to incremental increases in retinoid signalling. Alternatively retinoid-dependent changes in primary neurogenesis may require a threshold level of retinoid signalling to trigger an increase in primary neurons that is quantitatively de®ned by other factors, such as the number of cells that are competent to form primary neurons. We therefore counted Isl-11 primary sensory neurons in embryos injected into one cell at the two cell stage with a ®xed amount of RAR/RXR mRNA and then given different amounts of RA at the late blastula stage. We found an increase in the number of primary neurons on the injected side, compared to the control side, at each level of RA added (Fig. 8A) indicating that incremental changes in retinoid signalling can elicit a response in primary neurogenesis and that retinoid signalling can determine the numbers of primary neurons that form.
There are two main pathways of retinoid signalling; above we have shown that signalling by all-transRA through RAR/RXR heterodimers can in¯uence primary neurogenesis. Also within the CNS, signalling by 9-cisRA Fig. 6 . Retinoid signalling promotes the formation of primary neurons in neuralized animal caps. Animal caps were taken from control and experimental embryos injected with either noggin or RAR/RXR mRNA or a combination of these RNAs and grown from the late blastula stage in the presence or absence of 10 27 M RA. The animal caps were assayed at the equivalent of the late neurula stage for the expression of the primary neuron marker, NST. Widespread punctate expression of NST was seen only in animal caps injected with noggin and RAR/RXR mRNA and treated with RA (E). Both non-neuralized animal caps with elevated retinoid signalling (D) and neuralized animal caps with RAR/RXR but no ligand showed no NST expression. The addition of RA to noggin-neuralized animal caps (F) consistently showed a small amount of NST expression clustered to one end of the animal cap (arrowhead). This may re¯ect the observation that animal caps are heterogeneous and respond to neural induction more strongly on the dorsal side (Sharpe et al., 1987) . through RXR homodimers acts on mitotically active precursors to increase the number of motor neurons adjacent to the limbs (Sockanathan and Jessell, 1998) . We therefore examined whether elevated signalling through the RXR pathway could cause an increase in the number of primary neurons that form in the Xenopus neurectoderm. However, the unilateral injection of RXR mRNA did not result in a significant increase in primary neurons on the injected side of the embryo in response to 9-cis RA (Fig. 8B) suggesting that the regulation of primary neurogenesis is primarily through alltransRA and RAR/RXR heterodimers.
Discussion
The cells that form the primary neurons are found in three domains, corresponding to motor, inter and sensory fates, either side of the midline in the neurula stage neurectoderm (Chitnis et al., 1995) . The remaining cells of the neurectoderm form the secondary precursors that generate the components of the larval and adult nervous system (Hartenstein, 1989 (Hartenstein, , 1993 . In this paper we show that embryonic primary neurogenesis in Xenopus is determined by retinoid signalling and that retinoid signalling can do this by acting directly on the neurectoderm.
A quantitative analysis of primary neurogenesis
The anti Isl-1 monoclonal antibody, 39.4D5 (Ericson et al., 1992) , identi®es cells in the dorsal neural tube of the Xenopus embryo from the mid-neurula stage. These cells are likely to be primary sensory neurons (Rohan Beard cells) and co-express the NST gene, a marker of primary neurons at this stage of development. In the chick, anti Isl-1 antibodies recognize predominantly motorneurons, but also some cells in the dorsal neural tube (Ericson et al., 1992) . In the zebra®sh, anti Isl-1 antibodies recognize most, if not all, primary neurons (Korzh et al., 1993; Inoue et al., 1994) including the Rohan Beard cells. In the Xenopus embryo at stage 22 there are approximately 240 Isl-11 primary sensory neurons. Previous studies estimated 200 such cells per embryo based on neuronal morphology (Lamborghini, 1980) , the additional cells in the present analysis may represent the 50 or so extramedullary cells per embryo that lie adjacent to the dorsal neural tube following neurulation (Lamborghini, 1980) but which are likely to be indistinguishable from the Rohan Beard primary sensory neuron population at earlier stages.
Isl-1 expression is also seen in cells of the trigeminal ganglion (data not shown) located in a placodal region outside the neural tube and their number is also modulated by retinoid signalling. The formation of the trigeminal placode requires signals from the adjacent neurectoderm (Stark et al., 1997) , a region of the neural tube whose fate is itself sensitive to retinoid signalling (Papalopulu et al., 1991; Conlon, 1995; Maden et al., 1996; Gould et al., 1998) . Consequently, it is uncertain whether retinoid signalling acts directly on the cells of the placode or through a secondary effect caused by a retinoid-dependent alteration of the neurectoderm.
In the mouse, retinoid signalling has been implicated in the determination of left-right asymmetry (Chazaud et al., 1999) and lefty 1, a RA-inducible gene involved in this process is expressed predominantly on the left side of thē oorplate of the neural tube (Chazaud et al., 1999) . In the mouse, the RARs are not expressed asymmetrically, though this has yet to be con®rmed for Xenopus. However, there is little evidence for asymmetry in the mouse neurectoderm other than the expression of lefty 1. We did not detect an asymmetry in the numbers of Isl-11 primary sensory neurons in the late neurula stage Xenopus embryo. Fig. 8 . The number of Isl11 primary sensory neurons can be increased by the addition of RAR/RXR and all-trans RA but not by RXR and 9-cis RA. (A) The number of Isl11 primary sensory neurons was counted on the injected and uninjected sides of at least ten embryos unilaterally injected with 62±125 pg of RAR/RXR mRNA and treated with a range of concentrations of all-trans RA. The ratio of Isl11 primary sensory neurons on the injected compared to the uninjected side was calculated, the bars represent the standard error of the sample. The mean increase on the injected side following treatment with 10 27 M alltrans RA was 1.62 fold. In contrast, embryos injected with RXR mRNA and treated with 9-cis RA showed no signi®cant increase in Isl11 primary sensory neurons with increasing dose of ligand.
Retinoid signalling determines the numbers of primary neurons that form in the neurectoderm
The addition of RA to uninjected embryos causes an increase in Isl-11 primary sensory neurons only at the highest dose tested (10 27 M). At this concentration, RA can elevate the expression of RARa2 in the embryo (Sharpe, 1992) which may contribute to the observed increase in the number of neurons. Indeed, the co-injection of RAR and RXR transcripts can increase the number of Isl-11 primary sensory neurons without the addition of RA. That Isl-11 primary sensory neuron numbers can be further stimulated by the addition of RA indicates that elevated retinoid signalling is responsible for the increase rather than the repressive effect of unliganded receptors (Nagy et al., 1997; reviewed in Xu et al., 1999) . This increase is not seen when embryos are injected with RXR mRNA alone and given the appropriate ligand, 9-cisRA, suggesting that the increase in primary neurons is mediated by signalling through alltransRA and RAR/RXR heterodimers.
Some regions of the ectoderm are less responsive to retinoid signalling than others
Although RA and its active metabolites are present in the Xenopus embryo (Creech-Kraft et al., 1994a,b; Durston et al., 1989; Pijnappel et al., 1993 ) the distribution of RA remains uncertain (Chen et al., 1994; Creech-Kraft et al., 1994a) . Recent studies in the chick indicate that RA is present in the posterior neurectoderm with a sharp boundary located at the position of the ®rst somite (Maden et al., 1998) and that the levels of RA are not graded along the A-P axis. If con®rmed in Xenopus embryos, this would be consistent with the absence of Isl-11 primary sensory neurons in the anteroior neurectoderm and their even distribution along the posterior neurectoderm.
The overexpression of Neurogenin (Xngnr-1) or NeuroD (Lee et al., 1995) causes large groups of cells throughout the neurectoderm and non-neural ectoderm to express NST. In contrast, elevated retinoid signalling does not induce the formation of primary neurons in nonneural ectoderm of the neurula stage embryo. Although ectopic neurons are seen adjacent to the neural tube at the tailbud stage, these are probably derived from the sensory neuron domain. The displacement of excess primary neurons from the neural tube during morphogenesis has been reported previously . In support of this origin for the ectopic neurons, both Isl-1 and NST expression in embryos with elevated retinoid signalling is restricted, at the neurula stage, to those regions that normally give rise to primary neurons.
A similar, spatially restricted, increase in primary neurons is seen when the zinc-®nger protein X-MyT1 is overexpressed (Bellefroid et al., 1996) . In this case XMyT1 requires a cofactor that may be a bHLH transcription factor such as X-ngnr1 that is itself con®ned to the primary neuron domains (Bellefroid et al., 1996) . During normal development X-MyT1 is expressed in the same spatially localized domains as X-ngnr1, but at a slightly later stage. In contrast RARa2 transcripts are found from the early gastrula stage (Sharpe, 1992) in a wide domain that includes the entire posterior neurectoderm with the exception of the midline (Kolm et al., 1997; Sharpe, unpublished observations) .
Regions of the posterior neurectoderm between the normal domains of primary neurogenesis respond poorly to enhanced retinoid signalling indicating that a factor that interacts with RARa2 may have restricted distribution. This is unlikely to be RXRb as it is expressed throughout the posterior neurectoderm (Sharpe and Goldstone, 1997) . Similarly, the potentially negative regulatory factor COUP-TF is found predominantly in anterior neural tissue (van der Wees et al., 1996) and is therefore unlikely to contribute to this effect. The distribution of co-activators and co-repressors (Xu et al., 1999) that mediate retinoid signalling is currently unknown, but could account for the differential responsiveness of the neurectoderm. Alternatively, all regions of the neurectoderm may respond to retinoid signalling with some regions failing to express NST through the lack of factors required at a later stage in the process. Examining the expression of genes that control primary neurogenesis in embryos with altered levels of retinoid signalling may help to explain why some regions of the neurectoderm are more responsive than others.
Retinoid signalling can act directly on the neurectoderm
As RARa2 is expressed in the neurectoderm and in the dorsolateral mesoderm that underlies much of the neurectoderm, we have examined which tissue represents the relevant site of retinoid signalling for the regulation of primary neurogenesis. Animal caps neuralized with noggin do not form primary neurons (Lamb et al., 1993; Goldstone and Sharpe, 1998) nor express NST, although the addition of RA to neuralized animal caps can result in low level NST expression (Papalopulu and Kintner, 1996 and Fig. 7) . However, the elevation of retinoid signalling in nogginneuralized animal caps by the co-injection of RAR/RXR transcripts and the addition of RA, generates extensive NST expression throughout the explant. The observation that NST expression did not occur in noggin-neuralized animal caps with RAR/RXR in the absence of RA suggests that neuralized animal caps produce insuf®cient, or no, RA. This is consistent with the con®nement of RA synthesis to posterior neurectoderm (Chen et al., 1994; Maden et al., 1998) , as animal caps expressing noggin generate neurectoderm with an anterior phenotype (Lamb et al., 1993) .
The combination of animal caps and dorsal mesoderm induces the formation of neurectoderm and primary neurons. Targeting retinoid receptors to the ectodermal component of these conjugates enhances primary neuron formation. However, conjugates in which receptors are delivered to the mesoderm induce primary neurons only weakly. Retinoic acid has been shown to ventralize mesoderm (Ruiz i Altaba and Jessell, 1991) and the mesoderm in these conjugates is therefore likely to be a poor inducer. However, the ability of retinoid signalling to generate primary neurons in neuralized animal caps and increase their formation when directed to the ectodermal component of neural conjugates indicates that retinoid signalling can regulate primary neurogenesis by acting directly on the neurectoderm.
A function for the quantitative regulation of primary neurogenesis by retinoid signalling during normal development
In contrast to later development, when retinoid signalling is required to increase the pool of motor neurons adjacent to the limbs (Sockanathan and Jessell, 1998) , there is no variation in the number of Isl11 primary neurons along the axis of the posterior neurectoderm. There may, however, be other reasons why the numbers of primary neurons in each domain need to be regulated.
The development of each class of primary neuron in the zebra®sh is thought to involve a common mechanism (Korzh et al., 1993) distinct from the formation of secondary precursors. That retinoid signalling is required by each class of Xenopus primary neuron is consistent with this proposal. This presents a mechanism by which the numbers of each class of primary neuron can be co-ordinately regulated. Indeed, elevated retinoid signalling can induce precocious primary neurogenesis in the anterior neural plate (Papalopulu and Kintner, 1996) . The early behaviour of the embryo depends on the integrated activity of primary neurons and, to be most ef®cient, may require speci®c numbers of each class of primary neuron. This could be guaranteed by factors that co-ordinate their production across each domain. The temporal (Sharpe, 1992) and spatial (Kolm et al., 1997) con®nement of RARa2 expression to the posterior neurectoderm and possibly the localized production of RA, may underpin this developmental mechanism.
In this paper we have shown that retinoid signalling can regulate the process of primary neurogenesis by acting on speci®c domains within the neurectoderm. As retinoid signalling plays a role in several aspects of normal neural development (Maden et al., 1996; Gould et al., 1998; Sockanathan and Jessell 1998; Toresson et al., 1999; Pierani et al., 1999) and can promote neural stem cell differentiation (Takahashi et al., 1999; Schef¯er et al., 1999; Svendsen and Smith, 1999) , a process with signi®cant potential for the investigation and treatment of neurological disorders, it will be important to understand how retinoid signalling acts in neural tissue at a cellular and molecular level. Amphibian primary neurogenesis provides a model system with which to examine the activity of retinoid signalling on a group of neurons within the CNS at an early stage of development and in an organism that is experimentally accessible and in a context where many of the factors (reviewed in Sasai, 1998 ) that in¯uence neural tissue formation are already known.
Materials and methods
Maintenance and treatment of embryos
Xenopus embryos were dejellied in 2% cysteine-HCl (pH 8.0), grown in 0.1£ MBS (Gurdon, 1977) and staged according to Nieuwkoop and Faber (1994) . Retinoic acid solutions were prepared in DMSO and diluted at least 1000-fold into the embryo culture medium. Stock solutions of Citral (Sigma), were prepared in ethanol and then diluted a further 1000-fold in the culture medium.
In situ hybridization and wholemount immunocytochemistry
In situ hybridization was performed according to Harland (1991) , with the modi®cations of Baker et al. (1995) . bgalactosidase activity was assayed, in embryos ®xed for 1 h in formaldehyde based MEMFA, by standard procedures (Turner and Weintraub, 1994) . Following staining the embryos were ®xed for a further one hour and then stored in methanol at 2208C. Embryos for wholemount immunocytochemistry were ®xed in MEMFA and incubated with the primary antibody 39.4D5 (Developmental Studies Hybridoma Bank, University of Iowa) at a dilution of 1 in 250 at 48C overnight. A horseradish peroxidase conjugated secondary antibody at a dilution of 1 in 500 was incubated with the washed embryos at 48C overnight and then developed with the Pierce DAB staining kit. Embryos were cleared in Murray's reagent (2:1 benzyl benzoate/benzyl alcohol) and photographed under a dissecting microscope. Alternatively, the neurectoderm was dissected from ®xed and stained embryos, mounted in Murrays reagent in a depression slide and photographed on a Zeiss axioplan microscope. Where embryos were double stained the antisense RNA, in situ hybridization was done ®rst and the wholemount immunocytochemistry second.
When the numbers of Isl11 cells in RAR/RXR or RARdn mRNA injected embryos were counted, the injected side was identi®ed by the activity of co-injected b-galactosidase mRNA. The total number of neurons was counted on each side of the embryo even in cases where b-galactosidase activity suggested that only a portion of the neurectoderm on the injected side of the embryo had received retinoid receptor transcripts. Consequently, the quantitation is likely to be an underestimate of the ability of retinoid receptors to in¯uence primary neurogenesis.
mRNA injection
Synthetic, capped RNA encoding xRARa2, xRXRb and cytoplasmic b-galactosidase (details in Sharpe and Goldstone, 1997)was transcribed (Krieg and Melton, 1987) from coding sequence cloned into the vector pING14 (Bannister et al., 1991) using SP6 polymerase. Retinoid receptor RNAs were injected in combination with synthetic b-galactosidase mRNA into one cell of the two-cell embryo at a concentration of no more than 0.1 mg/ml in a total volume of 10 nl. Embryos were grown in 1£ MBS, 3£ Ficoll until the blastula stage and then in 0.1£ MBS.
Embryo manipulations
Animal caps, removed at the late blastula stage using hypodermic syringe needles, were grown on agarose dishes in 1xMBS, supplemented, where stated, with RA. To form neural conjugates, two animal caps from late blastula embryos were combined with one piece of dorso-lateral mesoderm taken from embryos at stage 11. Retinoid receptor RNAs were injected into both cells at the two cell stage in a 1% aqueous solution of FLDx to identify the injected tissue in subsequent conjugates by¯uorescence microscopy. Following in situ hybridization the conjugates were embedded in PEDS wax (poly[ethylene glycol-400] distearate, 1% cetyl alcohol) and cut into 17 mm sections.
